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Rate coefficients have been measured at temperatures in the range 300-1100 K for

three ion-molecule reaction systems, 0 + NO and CO. and C*,, CHI. These results

are compared with previous studies of temperature and translational energy

dependences of ion-molecule reaction rate coefficients. Problems relating to

operation of a flowing afterglow apparatus of high temperatures are discussed.
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Ion-Molecule Reactions at Very High Temperatures
Thomas M. Miller. ieflrcv 1- Fnedmgn.t Melansn Mentilider.Barrello.: A. A Viotrano, Robert A Morn%
Amv F Stevens Miller§ and John F. Paulson
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4bstaetReactvions asluch wirt %tovoa &(I W vne we" 14t dimzrcau.

Ra:r cfi*9K-nt.ha hihe irr mfcaigtrna A] tnnr tiatmr Lb the MWn %I with increasing ýemnprratutc, hut in two cawes a khallo
;(10 k 1.qr Ihrftc un rr.*"iIe reactserl I iurm, ( ) - %'4)and (51 &ad nsuttimtuml uaA 4it~Wt~d foil 0' % at %A(k, and C~
I ( !I, I hewc remilts are compasn inth gwow~io ueicd (4 ws iCO: 4 0: at about 'M iflie snkyreal in the taictoe

peraturc and frarslatnioal ew~ip dereideomi co wo-iknsck~ mact- c"In at temperatureshaow the mntrnsmsm is usualhs afttri
fate qI4VffxW"1 Pr't+*is rlatfing to C~atme 4o a ficows ingavgo-o uted to a nee, mechanism oiad, a% iniosovemeno
asrjal£u% at high innhw~ature am damumtd 'Iibrat$Omal eaosat.1111141. but qUanitattts espla111,KNaIoS are leý

1. 111111111110 Wlle data sho cussed from ember flos-dirill tub flpmefl'wt%

We hase begun as stud%. of ion molecule reactions &I tem- (Joewterll Sspeakuing. use tempserature lanatiof of the reac
lieratures unprecedented for ionic interactivols. Out initial twi "It" cc'effkcset6 m"imiocked results Ifrm &low4rif tube
%moork has been in the range VOO I1300K. but the apparatus data On The kineti ewwrP &Pdepneiw Of TreaIon ratSIS
i% designed for temperatures up to 2000K Our immediate That is. for whose cases whiere a comparison was poisable
motivation is to provide data and guidance (fo persons the reactin wsi apperentl% dnirn tis trandaational energi
modeling high temperature plasmas mteg around vehicles sit aInd not mubstawtafll tis molecular itornail emrp
h'.personi-. flighti. but it is clear that many interesting ques- Ott the other hand it is known that man,. react %n are
lions arm'e at high temperatures new reacion channels mas strorsgl dependent upoin internal eotatilkon (A. 41 Of
hecom.,. activated and esotenca such as -estropy-dniven- prnmanr interest to us are the effects of rotational and tibira
reactions [1] become more accessible for study Furthe". the tinnail flstation r4- 5)
ipparatus may. in prnciple, be employed for measurements In the late 1970. CThen et al1 6J constructed a static drif
on electron attachment, electron-son recornbmnation. and tube maiis spectrometer Capable Of opseration ast I -WK
ion- tin recombination. In this article we will present results Results were rcponed on the reacti' a6 of 0* with 03 (fo
oin ion-molecule reactions studied thus far and will describe temperatures of W0-71M0K. and cost 0* with N: for tem.-
'Line oif the problems encountered working at high tenm. peau of W0-900K Tbe data of CThen er al. agreed quite
permtures well with thospe from the flow-drift tube [2) and extbbeted

A ts.peal '.anable-temperature flowing afeglo or consaderably less scatter than found ws the flow-dirift work
selected ion flow tube (SIF-T) apparatus can operate at tem- We now have kinetics data on a number o( positive and
peratures as high as 350-600K using straightforward tech. negative ion-molecule reactions at temperatures up to
niques limited by the type of materials and heaters used. In 1300 K. though the data reporteld her extend only to
the early 1970s. Lindinger (ial 2)modlified aflowing after. I1 "0 K Our istutial work has besen focused on reactants,
glow apparatus at the National Oceanic and Atmospheric which shouild te thermally stable leg. COL. but we have also
Administration (NOAAI laboratories to Permi t Operaio I AS looked at cane whefe decomposition of the reactant maly be
high as 900 K. The NOAA group repo.led reults for nine w.ig probably via surface reactimons in the winlet line
positive-lion reactions using this apparatus (2). Reacion
which were fast (collisional) at 300 K were found to be tem-. 2. CaEll em eu
perature independent within eitpertitental uncertainty h ubUiraueGa HFA lPilp

Laboratory utlimr a I-= loal stasiom slidflow tube for
*~d essid r cip so Onips lmmwaisasa Tue~nalspi qqua. Almesa KM work up to I )W I Tite apparatu is shows Ws Fig. I The

Abo.Dellawwmm of Phyru owAwid ossuUswimirsayel alww nlow tuoe is tigol wrappeds wit oerlalcal hindft sap.
0AFOSA Swoonr Facuty Rawoms Poopin 19102 So too) (7 n wd reab. hehsw a. pord
addres Driwinouu of1bsmUhro P onU Rb 4' 1 01 4 kW of pow. OW hil"bMwI Am Io d oprtd swa

:AMUOS Summit Graduate Is'i1a1 ROMM Plopin 192 aood 199. husiti diein alli their rated NoemprsIu. Calm-
Dqmmto of ft w wa siutut a~t s amp maypea, Pilaster ahow thtW the bhem bdef ps coliiil ie. thermal
adiemi Deosmi of Phyi aid Aatsssa., Uiilusty of Miss. .qssM imm wfth th WalW of fth &lw tube alt a di10am
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~~ ~ Lr!TV3'..1 tlgik b~rvwst' u Ia.t .- ,e %Ow. 1 beitAuj tzwft "d LMiA"" t~aiik

~4e t' mortisre Ar-T 4j m4u.*iass qw-.(vact? %f eiuti~te Ginhirtije P %acuu riumps

"W f le Js TAuteT ,WleW Tth di'.nsteaLM end 14 *Up. and %,(0 shwied reasorable behavior fthat I*,. a slo%
ift 1 a thin 1-1AanIesA qIACC 'bacuux %ail thatis us tev dectene in agreement with tkm -drift results [9) up to `1-0 K.

.441 A! ai cire~uirkrtratf The ion sampling chamber b'ut decreased prmpcitowut1% at higher temperatures The
ntaining etienses mats %Mi~rronete?. and tore detectorl Is data suggst that the reactant gas was beang converted into

A wtule-salled. %ith the inner chamti uset atrcooled a non-reaective species, Thrie temperatures are low enough
Ion% ate t.-cated in the first 10cm of the flo tube h% that the decomposition must he taking place on surfaces.

cbtofl twoniatdmen1 vf the fast-&loing hebuiu buffet most plaussbl%# in the 5-mist id rmatant gas inset tube
'..'UfLe gas mut he added uptmrea (or downstream of the The inlet tube in stainless steel and runs for .10cm along
c.ettion tsortsardment itone Reactant %sapor is added at the the hot portion of the flow tube The first data we obtained
N-ipnning (if a f-Acm reactison length J% thermal expeanuion with the HTFA wer. for the fundamental nucleophalac
I leftikn IS made to the reaction length. btm amounts to disptacement reacticons C1 ~- CH,Br --. Br -- CH,Cl and

-nhs "Neec-e oti 1 0'. at 12003K Reaction rate coeifliciets 0l , CII~l - 1 4 CH,C1, where we obsersu rapid nses
vorec determined from expornential atternuksion of the in the apparent rate coefficients with temperatures above
primarfl eon intensits, as the reaectant concentration was 700 K Excttoemt Iover theme results was quenched by a
irwrease 1etails on the operation of a flowing aftergiow report from Pearl and Burrow [ 10) that a hot i> 300K I
.amfslurtu hate been gVsen h-. Ferguson el al (8) stainles-steel fedline catalyzen the formation of HCI from

We have encountered three problems The first, a predict. decomposition of CH,C1 gas paising through it.
abhle problem. is losn of primer sions duer to diffusion The
diffusion rate is 'I inctreass with temperature according to 31. Renins
A Ixtwer-law dependecec between T and T"' depending oni Data for the assoiciative detachment reactions,
the ionic conslitueno. of the plasma. for a constant pressure
Iptto I YV K. however. we have been able to overccomeethe 0 - CO - C0 2 *i e. All -4.1eV. (1)

diffusio dilemma with modest increases in the buffer gas 0 - NO -~ NO, + e. AH - 1.7eV. 12)
flow rate ifor a pressure oif typically 13 tour at 1300K I. Also.
the carrier gas velocity increases with temperature. and the are compared in Figt 2 with data obtained at temperatures
%howirer reaction tunee lessens the effect of diffusion. in the range 35-475 K in selected ion flow tube (SIFT)

A second problem is thermionic emission of alkali metal experiments in this laboratory [11, 12]. and with rate coeffi-
ions from the ion sampling aperture plate (made of cients obtained as a function or translational energy &t
mohrhdewnL which becomes especially intense above 300 K using a flow-drift tube (FDT) apparatus at the NOAA
I(MIK and precludes work with ions of certain masse laboratories [13]. The abieciasai in Fig. 2 is given as center-
abeoevv 10110K We replaced the molybdenum plate with a of-mass kinetic energy (3kT/2) instead of temperature. for
Stainless steel one, which reduced the thermionic emission ease in comparison with the NOAA FDT data. Compari-
h-s a decade. but the alkali metal ion currents are still more sons and refereces to earlier data sets are given in Ref.
intense than any other son current we detect. Redesign of (13]. The ental~pies given with reactions (1) and (2) were
the electrostatic lene Ito view les of the awea of the &per. calculated from thermochemical1 data in Ref. [14]. The cal-
ture platel may mitigate this problem. The hot flow tube culiated collisional rate coefficients for reactions (1) and (2)
itsel presumeably emits alkali metal ionsi but there is no ate 1.06 x 10' and 9.98 x 10-1cmi's' respectively, at
drawout potential as in the casw of the aperture plate. A 300K. The calculation wer carried out using the method
Langinueir probe inside fth 1200-K flo tube indicated low of Su and Chenavih [IS] with polrizabilltles and dipole
plasmas densitfy (an uipper limit of 10O'cm - ) in absencer of moments fronm Ret (14). Siame CO and NO Vose1 smuall
electron bombardment We heave defecteid V ions due to dipole momenta, there is a weak decline In these collisiomial
,urface'catalyind dmoclatsvie attachment to SF#. aned we rate coefficients with temperatture (2-3% lower at 1200 K)
ci pee that sutrfacti Joioelaoe may b com a tielot obs- A qualitative esplanatlon for the data of Fill. 2 has been
taleg to work at still highievr tlemperatuares, given in Ref. (13]. basnd on resonncels obieervetd Ink eecron

A final proble is toIhermal deowmposition of mactUnt gas scattering from C03 aod NO1 . The reaectimdon eficdnce at*
she apparent rate crieffk*Icis for reaction of0 with NH, apparently related to the kiaction of potentia come.s for

10,111*11 So"~i TS)
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ta-e '4VffX~m lo racltc .4) 0 Ith ktt ffiawn nmhito aad F WI Rawe weffIC Ui gorratio oA; with CH.i~t4  prews? lIftIA
-rwr, -111 ititwlt The CWdn ftpemaI HTI A dsaui and %q'waam 451 Fl data coffropood to thewual emirpts The SIFT and FD1 data correspond

,Istv~ rr~erwwi lbermlnujimewuamom Tbg tnsagfr, IFlT dauta MewevI to A rAP Ofi irafactiatoea emepee a. :be filed temperfaimm tindicatinds
liiia U- rative (4I tia~tillsixaj efetpre @I filed 11MKi temperaftur thtke pd the lowwest"Veg point o -!acb tfenis a a true titenial datumn

No 0 or C-0 tat re atracive athr thn reul-over the temperature range -100. I100K, but we are report.

%'%C the decrease in the rate coefficients with temperature wag nthegr ataedawith l a becaused therestudcal rnalcsis n 9]

it'T kinetic energy) is attributed to the shortening of the col-wainertdiha tieJhoeiclnlys(19
litit'n compkes lifetime with energy. The present HTFA data
tpure Itemperature variation) follow the trend set by the 4. Cehia remiarks
NOAA 11)1 data (translational energy) well. indicating that In their pioneering work on ion-molecule reactions at high
the relative translational energy is the relevant parameter eprtmLidnrefa.[Inodtht90 sctd
..ontrolling the associative detachment reaction. At tern - to bie about the practical limit for a flowing afterglow
peratures around 1000 K the present rate coeffiients tend to sytm-Fruo 2]aonte -Tiwspifly

heue lofe thecatein the presen data. eseitis -ot po-sibNe laborious. The materials problems at 900 K Are horrendous.
Becuseof hewaier n he resnt at. i isLsl pssileand the measured rate constants at 900 K had much larger

ita he certain of a departure in fth two data sets at high uncertainties than the room temperature measurements."
temperatures. results at still higher temperatures are We have constructed a flowing afterglow apparatus
required The vibrational fundamentals of CO and NO are cpbeo prto ltmeaue nterne30

excied t oly te 47ý- leel a th hihesttemeraure 1300 K at present. The apparatus is being developed in three
reached in those experiments, stages. The next stage will utilize a ceramic flow tube and

Rate coefficints for the reaction commercial "clamshell" heating elements rated at 1600K.

0'+C,-~ CH 100H* + H (3) The final btage will likewise make use of a ceramic flow

are shown in Fig. 3. compared with SIFT and FDT results. tube, but with a commercial furnace rated at 2000K. It is

Reaction 13) is one of the best studied ion-molecule reac- quite possible that at somec point in this development

tions [16-18]. Earlier research on this reaction is discussed program, we will find that thermionic emission and/or
in efsf 6-11. heisoeri frm f te rodction was surface ionization or surface-catalyzed decomposition of

idntiRefs byV16 Dre-e1a.1]. Thelo este form o[th1podc reactants will prevent us from making mecasurements of rate
idenctied by Van doent e methal. [16] BrOw nomt c oeff 17 ~ iciets for ion-molecule reactions above a certain tem.

on hemehaismoV h neto ecin() iao. perature. The presen t work shows that any limitation lies
onl.h [18 fond ht itto of lh netow frequeinc ( Vigibatinnoe above I1100 K.al.[1] oun tatexitaio o lw feqeny ibrtinsin We have given hemresmults for 0-+ CO and 0- + NO
CH, enhances the efficiency orcraction (3) by afactor ofl17. for temperatures 300- 1100 K, and for 0 *+ CH, for 300-
The comparison shown in Fig. 3 on the temperature depen- 972.Frteto0 ratontetmeauedpn
dence and the translational energy dependence of ra5te coeffi 7 dK.c For the rteo co-eafctientswa the sepeatue as the
cients for this reaction is rather striking and reinforces the tre~n tiofa tenraer doependience, wisthsoe deprtue as0th

conlusonsof igganoci l. IS] Attemeraure (40K sible at 1000 K For the 0 * + CM4 reaction, a comparison
or 0.03eM where CH 4 vibrations begn to be significantly oftetmeaued 2neceadtasainleeg

excited, the temperature depenidence of the reaction rateofteem rauedpnnc dtaslinleep
coefficient alters course dramatically compared with the dpnec ftert ofiinspoie diinl(8
trend observed with increasing translational energy. Pre- evidence that CM4 vibrations play a significant role in &aC&i
sumsbly, the C-H vibration facilitates insertion of 02 into tating 0* insertion into a C-H bond of methane.
a CH bond, In order not to be confined to using highily stable jame

We have also obtained rate coefficients for the reaction (e.g. N,)ý we plan to experiment with a quartz reactat inlet
and a cooled inlet at some point in the fuature. In addition, a

0' +* CHI, -. 0OHW + CII, (4) residual gas analyzer has been installed just beyond the Ion

Pk"Mec. kewte Ti)1
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